Abstract
Introduction
Ventricular tachycardia and fibrillation are among the major cause of sudden cardiac death [1] . Even though these arrhythmias arise from different clinical conditions, ischemic heart disease is the foremost perpetrator among them. Occlusion of the coronary artery, which causes ischemia, is followed by profound metabolic changes in the intracellular and extracellular space of the cardiac tissue. This metabolic changes are mainly hypoxia, increased concentrations of the extracellular K + (hyperkalemia), increased concentrations of intracellular Na + , and Ca 2+ , decreased concentration of extracellular Na + , decrease of intracellular ATP, and acidosis [2, 3] . In addition, the impact of ischemia in the myocardium is characterized with a high degree of heterogeneity. Due to diffusion of ions and metabolites, the core of the tissue suffering from the lack of blood (the central ischemic zone, (CZ) is surrounded by a border zone (BZ) which comprises changes in electrophysiological properties between the healthy and ischemic regions [4, 5, 6] . These heterogeneities are produced not only intramurally, but also transmurally, in the depth of the ventricular wall.
From an electrophysiological point of view, these changes imply alterations in action potential configurations, excitability, conduction velocities, refractive period among others, which enormously favor reentrant activity, and therefore arrhythmias and fibrillation [7, 8, 9] .
Over the last years, mathematical modeling and computer simulations have been a useful tool in analyzing electrophysiological phenomena. In this particular, one of the major contributions of computer electrophysiology has been in understanding important relations between electrophysiological parameters [3] . For the ischemic heart, computer models have allowed to address the role of ischemic abnormalities in cardiac electrophysiological behavior [9] . However, most of these simulations have been restricted to 2D [8, 9] simulations or 3D simulations of total ischemic heart [10] . In this research work we study the patterns of reentry in a 3D virtual tissue subjected to acute regional ischemia. The electrical activity of the cells is described using a second generation model of ventricular action potential. The effect of the cardiac fiber architecture and location of the ischemic zone on the vulnerable window of the tissue is studied.
Methods

Mathematical model
The tissue has been considered as a continuum, with its electrophysiological behavior responding according to the mono-domain model [11] ∇⋅ σ i ∇V () = χC m ∂V ∂t + χq ion + χq stm , (1) where V is the transmembrane potential, σ i is the anisotropic conductivity tensor, C m the membrane capacitance, χ the volume to surface ratio of the cell, q ion , the ionic current, and q stm , a stimulus current. Equation (1) is subjected to the zero flux boundary conditions Figure 1 . 3D representation of virtual ischemic zones, with the central ischemic zone (CZ), border zone (BZ) and normal zone (NZ).
An important aspect in solving (1) and (2) is the formulation for the ionic currents given in the q ion . A number of models exist of varying degree of detail of cell physiology. Since we were interested in studying the patterns of excitation in acute ischemia, and the ionic mechanisms responsible of them, a comprehensive model describing the action potential was required. In this research, a modified version of the Luo-Rudy phase two model [12, 13] was used. This model describes with great electrophysiological detail the ionic currents responsible for the ventricular action potential, including thirteen transmembrane currents, Ca 2+ buffering, internal Ca 2+ induced Ca 2+ fluxes, as well as a description of intracellular Ca 2+ , K + , and Na + ionic concentrations. The model comprises a stiff nonlinear system of ODEs involving the action potential, voltage dependent gating variables, and intracellular ionic concentrations with a total of 30 state variables and time constants ranging from 0.1 to 500 ms. Figure 1 shows the electrophysiological structure of the virtual tissue, with the different zones created by acute regional ischemia. The size of each zone as well as the value of the ischemic parameters and the spatial gradients has been adapted from experimental data [5] . The configuration shown in Figure 1 corresponds to 10 minutes form the onset of ischemia. The tissue comprises a normal zone (NZ), a border zone (BZ) and a central zone (CZ). It also shows the washed area in the endocardium.
Model of acute ischemia
Hipercalemia was modeled by elevating the concentration of [K + ] O from 4.5 mmol/L in the NZ to 12.5 mmol/L [14] in the CZ, with a transition zone of 10 mm (coinciding with the border zone) in which the [K + ] O concentration varies linearly [5] . The effect of acidosis was taken into account by reducing the conductance for the inward I Na current, and the Ca 2+ current through the L type channels, I Ca,L , by a factor of 0.8625 in the CZ and 1.0 in the NZ [15, 16] . The transition was taken as linear, with the size of the transition zone inferred from data from [5] . Hipoxia, which causes a reduction of intracellular ATP and increases free intracellular ADP, leads to the activation of ATP sensitive K + currents (I K,ATP ). The model proposed by [8] Figure 1 were taken from [17] , and the size of the border zone (1mm on the normal side of the BZ) defined according to [18] .
2.3.
Numerical model
A 3D virtual tissue simulating a 55mm x 55mm x 20mm slab of ventricular myocardium subjected to regional ischemia was considered (see Figure 1) . Orientation of ventricular muscle fibers varied linearly from -60º in the epicardial surface to +60º in the endocardial surface. The imbrication angle of the fibers was also accounted for by linearly varying the imbrication angle from 0º, in the epicardium, up to 10º in the endocardium. A NZ 2mm thick was considered in the endocardium to account for the unaffected tissue in contact with interventricular blood. Figure 2 shows the computational domain depicting the ischemic zone and the orientation of the fibers across the myocardium. (1) was solved by means of the Finite Element method using the Operator-Splitting method [19] . This technique reduces (1) to a nonlinear system of ODEs describing the cell action potential (reactive term), and a parabolic equation describing the potential diffusion among neighboring cells. An explicit Euler method with a time step of 0.02 msec was used to solve the reactive term, while an Implicit Euler method was used for the diffusion equation. The tissue was divided in 980000 brick elements 400 μm in size, for a total of 1013931 nodes. The fiber orientation was defined at the centroid of each element, and the anisotropic conductivity tensor calculated following the procedure described in [20] . Appropriate values for the conductivities were chosen to obtain a longitudinal conduction velocity (CV) of approximately 40 cm/sec in the normal zone with an anisotropic velocity ratio of approximately 10:3.
A S1-S2 stimulation protocol was considered by delivering two planar pulses at the base of the slab defined by the yz plane (see Figure 1) . The amplitude of the pulses was 1.5 times the diastolic threshold in the normal tissue, and had duration of 5msec. The first stimulus (S1) was delivered at t =75 msec in order for the parameters in the model to reach steady state. The second stimulus (S2), of identical characteristics of S1, was delivered at the same location of S1 and at different intervals in order to determine the vulnerable window.
3.
Results and conclusions Figure 3 shows the membrane potential for the epicardial, endocardial, and mid planes of the slab for a fiber imbrication angle of 0º across the wall. The figure also shows results for a 2D simulation with the same fiber orientation found in the mid plane of the slab. Pictures at 125msec and 250msec correspond to the membrane potential field within the basic stimulus (S1) interval. These pictures clearly demonstrate the effect of the fiber structure in the propagation pattern. However, for the mid plane, results show a similar depolarization pattern as for the 2D simulation. These observations are confirmed by the computed CV in the NZ, BZ, and CZ at the mid plane of the slab (see Table 1 ). In addition, cases with fiber imbrication angle varying from 0º to: 2º, 4º, 6º, 8º, and 10º, showed no appreciable changes in the CV. Regarding the vulnerable window (VW), reentries were found for S2 in the range between 167-191 ms, leading to a vulnerable window of 25 msec, only a 4% larger than that found for the 2D case (24 msec). The vulnerable window was not affected by the imbrication angle either. These results indicate that for an ischemic zone with a morphology given in Figure 1 , the vulnerable window is not substantially affected by either the fiber structure or the 3D nature of the tissue, given the same results as for a 2D simulation. In fact, differences shown in Table 1 For the morphology of the acute ischemic region defined in Figure 1 , the eight shaped reentry pattern was always found in the interior of the slab rather than in the epicardial surface (see Figure 3) , where reentry appeared as an outcoming current. These findings are in agreement with experimental observations in dog hearts [4] . However, our investigations have also shown that eight shaped reentries are readily formed at the epicardial surface of the slab when the center of the ischemic region is moved toward this surface, a morphology change of the ischemic region. This change in the spatial location of the ischemic region not only affects the location of the reentry, but also the vulnerable window for the tissue. When a spherical ischemic zone with dimensions given in Figure 1 is centered in the epicardial surface of the slab, a 24% reduction in the vulnerable window with respect to values given in Table 1 are obtained. It not only indicates an important effect of the morphology of the ischemic zone on the vulnerable window, but also suggests that results obtained from 2D simulations may correspond to an upper bound for the vulnerable window. 
